ABSTRACT Typically sperm nuclei are genetically inert and contain extremely compacted chromatin. Following fertilization, the first steps in their conversion to somatic nuclei (male pronuclei) which will support further development involve chromatin decondensation and the formation of a new nuclear envelope. We have studied the reactivation of sea urchin sperm nuclei in a cell-free system derived from homogenates of activated sea urchin egg cytoplasm. The cell-free system has provided several novel insights including requirements for sperm-specific histone phosphorylation on N-and C-terminal extensions and disassembly of the sperm nuclear lamina for decondensation, the utilization of remnant regions of the sperm nuclear envelope to direct polarized binding and fusion of egg membranes to form the new nuclear envelope, and a role for phosphoinositide metabolism in initiation of membrane fusion through binding of a minor membrane fraction enriched in PtdIns (4,5)P 2 , PLCg and SFK1 which locally produces a fusigenic lipid, diacylglycerol.
Introduction
My interest in the transformation of the inactive sperm nucleus into a male pronucleus following fertilization began as a graduate student in 1970 working on sea urchin early embryo chromatin. I enrolled in the Marine Biological Laboratory's summer Embryology course at Woods Hole where I attended a lecture by Frank Longo who presented beautiful electron micrographs from his recent graduate work on the morphological transformations of the sea urchin sperm nucleus that immediately follow fertilization (Longo and Anderson, 1968) . Longo showed that the sperm nuclear membrane was rapidly removed as the nucleus penetrated egg cytoplasm and that the compact conical chromatin mass then progressively decondensed from the outside in while becoming associated with numerous membrane vesicles at its surface. Those vesicles appeared to fuse together to create the new nuclear envelope of the male pronucleus.
Sea urchin sperm chromatin is as densely packed as any nucleosomal chromatin structure can be, about the same as mitotic chromosomes (Green and Poccia, 1985; Poccia and Collas, 1996) . It has the largest ever reported average length of linker DNA (DNA between adjacent nucleosomes that preferentially binds H1 histone) (Savic et al., 1981) . The very densely packed sperm chromatin has to be quickly decondensed in order to re-activate replication and transcription and permit rapid embryonic cell cycles. In contrast to most organisms, early gene expression in the sea urchin begins within the first cell cycle (Poccia et al., 1984; Poccia, 1986) .
We knew that sea urchin chromatin contained sperm-specific (Sp) histones of the H1 and H2B classes with highly basic Nterminal extensions, a very unusual situation since histones are among the most highly evolutionarily conserved proteins known. I wondered if it were possible to study post-translational modifications and replacements of the Sp histone variants during the period of chromatin decondensation to learn how they might contribute to activation. However, since the ratio of cytoplasm to nucleus in a single fertilized egg is extremely high and large quantities of somatic histones are stored in the egg cytoplasm it was impossible to isolate sufficiently purified nuclei to analyze their histones. We turned to polyspermically fertilized eggs to solve this problem and found that phosphorylation of the two sperm-specific histones on their N-termini was very rapid in the egg, preceding decondensation (Green and Poccia, 1985) .
Although we had learned a great deal from the polyspermic egg system, I had thought about how an in vitro system might allow us to manipulate the nuclei to describe in greater detail the relationship of decondensation and histone phosphorylation. However it was not until 1983 at a Gordon Conference on Fertilization at Colby College that I met Manfred Lohka who explained how, working in Yokio Masui's lab in Toronto, he had developed a cell-free system from frog eggs that supported decondensation and mitotic condensation of exogenous sperm chromatin. Frog egg extracts had already been used with exogenous DNA to study replication enzymology (Gandini Attardi et al., 1976; Mattoccia et al., 1976) . For us, however, the importance of Lohka and Masui's system was that it worked on sperm nuclei and appeared to lead to well-regulated events of the cell cycle with all the advantages of making possible biochemical manipulations of various stages of the cycle (Lohka and Masui, 1983a; Lohka and Masui, 1983b; Lohka and Masui, 1984a; Lohka and Masui, 1984b; Vigers and Lohka, 1991) . They went on to show that their system also supported nuclear envelope formation and it was subsequently adopted by many labs to study replication, cell cycling, spindle formation and nuclear transport.
I wanted to develop a similar system derived from sea urchin eggs to look at histone modifications, but because we were still working on polyspermic eggs and microinjecting sperm nuclei into live oocytes, I tucked my conversation with Fred back into longterm memory and we made only minimal attempts to develop a cell-free system from sea urchins. But after a decade had passed, we decided by chance to return to the problem.
In 1993, an undergraduate student of mine, Lisa Cameron, was having trouble microinjecting sperm nuclei into eggs so I suggested halfway through her thesis that she take a break and try to make a functional sea urchin egg extract. The first results using a medium similar to Lohka's but supplemented with non-ionic compounds to simulate the tonicity of the sea urchin cytoplasm were disappointing. But it quickly occurred to us that maybe we were lacking energy for the transformations and upon adding ATP we observed the first decondensation of exogenous sea urchin sperm nuclei (Cameron and Poccia, 1994) . Presumably Lohka's extracts had sufficient mitochondria to provide ATP and ours did not. Our observations led us to devote much of the next 20 years to studying the effects of the cell-free system on decondensation, histone phosphorylation, and nuclear envelope formation, relating whenever feasible in vitro results with in vivo observations. For this special issue on cell-free systems, I will summarize our major findings which have not been previously gathered into a single presentation and indicate some advantages and limitations of the existing system and certain issues remaining to be investigated. More detailed summaries of material contained herein may be found in several reviews (Poccia, 1986; Poccia, 1989; Poccia and Green, 1992; Green et al., 1995; Poccia and Collas, 1996; Poccia and Collas, 1997; Collas and Poccia, 1998b; Poccia et al., 2002; Larijani and Poccia, 2009; Larijani and Poccia, 2012; Larijani et al., 2014) . Details of methods and procedures may be found in several methods papers (Poccia and Green, 1986; Collas and Poccia, 1998a; .
Characteristics of the cell-free system
At 10-15 min post-fertilization, activated sea urchin eggs are homogenized with a hypodermic syringe in a buffer containing NaCl, MgCl 2 , glycine, glycerol, DTT and Hepes, pH 7.2. A 10,000 g supernatant is prepared. The small overlying yolky layer is removed after which the extract is used directly or quick frozen for future use (Cameron and Poccia, 1994; Collas and Poccia, 1998a; .
Sperm nuclei are prepared and demembranated by sonication in a buffer containing Triton X-100 followed by low speed centrifugation. The assembly system is prepared by addition of nuclei and an ATP-generating system to the extract. Under these conditions, the dense conical sperm nuclei decondense progressively from the outside-in as they do in vivo forming spherical masses of 4 mm diameter (Fig. 1) .
The rate of decondensation depends on the concentration and pH of the extract which are optimal at 7 mg/ml protein and pH 8. Decondensation is minimal in unfertilized egg extracts unless the pH is raised, does not require Ca ++ , is inhibited by protein (arrowheads) . Bar, 0.1 mm. From Collas and Poccia (1998a) .
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Sea urchin cell-free system and nuclear activation 211 kinase inhibitors at concentrations effective in vivo and requires ATP hydrolysis. Decondensation is not accompanied by histone degradation (Cameron and Poccia, 1994; Green et al., 1985) . In its requirements, decondensation behavior in vitro closely mimics that in vivo (Poccia et al., 1978; Luttmer and Longo, 1987; Cothren and Poccia, 1993) . The system as constituted however does not cycle or even proceed to mitosis, although we have not tried to optimize it for those purposes.
Addition of GTP promotes nuclear envelope formation and swelling of the decondensed nuclei (Fig. 1, 2 ). Decondensation and swelling are separate phenomena. The former is membrane independent and the latter requires formation of a nuclear envelope (Collas and Poccia, 1995a) . If membranes are removed from the egg extract by a 150,000g centrifugation, exogenous sperm nuclei decondense only to a diameter ~4 mm. Swelling to ~7 mm requires initial formation of a nuclear envelope from membranes but once it forms it is independent of additional membranes. Swelling requires ATP hydrolysis, Ca ++ and cytosolic factors sensitive to heat and N-ethylmaleimide inhibition (which blocks NSF-mediated membrane fusion) and resembles in vivo swelling. Nuclear swelling requirements are consistent with protein import mechanisms and similar to those of the amphibian cell-free system (Lohka and Masui, 1984b) .
Thus the cell-free system supports the steps that result in the formation of the male pronucleus: chromatin decondensation, nuclear envelope formation, protein import and nuclear swelling. Conditions for cycling remain to be established.
Phosphorylation of sperm-specific histones and sperm lamin B are required for decondensation in vitro
On the basis of in vivo labeling experiments with our polyspermic system and many studies on gametogenesis and mitosis progression that suggested that histone phosphorylation/dephosphorylation events accompany gross changes in chromatin condensation (Green and Poccia, 1985; Simpson and Poccia, 1987; Green and Poccia, 1988; Roberge Th'ng et al., 1990; Oliva and Dixon, 1991; Green et al., 1993; Green et al., 1994) , we postulated that phosphorylation of the sperm-specific histones SpH1 and SpH2B would be required to alter the affinities of their highly basic N-terminal extensions (and the Sp H1 C-terminal extension) with the negatively charged backbone of chromatin linker DNA to permit postfertilization chromatin decondensation (Green and Poccia, 1988) .
During spermatogenesis Sp histones are actively phosphorylated within these extensions on multiple "SPKK" motifs but are not found phosphorylated in mature sperm . We suggested that phosphorylation during spermatogenesis allowed correct positioning and adjustment to the long linker DNA which was then "locked" in place by dephosphorylation to stabilize the mature sperm chromatin. It was subsequently demonstrated by comparison of sperm and spermatid chromatin physical properties that phosphorylation of SPKK sequences in SpH1 and SpH2B histones indeed weakens linker interaction (Hill et al., 1991) and that in addition to linker histone H1, the N-terminal region of the core histone SpH2B binds to linker DNA (Hill and Thomas, 1990) . However it was difficult to effectively manipulate histone phosphorylation transitions during spermiogenesis progression.
If dephosphorylation of the Sp histones stabilized the condensed state of sperm chromatin, it would be expected to be rapidly reversed in the egg. Studies of nuclei isolated from polyspermically fertilized eggs confirmed this prediction (Green and Poccia, 1985) . Analysis of male pronuclear histones from embryo extracts pre-loaded with radioactive phosphate identified the two Sp histone variants as the major histone targets for phosphorylation, indicating that regarding initial histone modification events, the extracts behaved like cytoplasm in vivo (Green et al., 1995) . Peptide analysis showed that phosphorylation occurred in the N-and C-terminal extensions of SpH1 and the N-terminal region of SpH2B (Fig. 3) .
The phosphorylation of Sp histones turned out to be necessary but not sufficient to decondense sperm nuclei in vitro, since inhibition with the non-specific kinase inhibitor 6-DMAP blocked decondensation while permitting Sp histone phosphorylation (Poccia et al., 1990) . This result contradicted the idea that histone dephosphorylation alone controlled decondensation.
We then noted that Sp-phosphorylated sperm nuclei retaining their lamina did not decondense in vitro. Removal of the lamina CnBr and NBS respectively. From Green et al., (1995) .
2002). (C) In vivo sites of phosphorylation. SpH2B is labelled exclusively in its N-terminal peptide; SpH1 is labelled on both N and C-terminal peptides. Cleaved with
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depends on protein kinase C (PKC) phosphorylation of lamin B which permits its solubilization Poccia and Collas, 1997) . In vitro lamin phosphorylation and removal begins within 1-2 minutes of incubation in egg cytosol and precedes decondensation (Fig. 4) . It depends on Ca ++ and is specifically inhibited by a PKC-specific chemical inhibitor, a PKC pseudosubstrate inhibitor peptide, and a PKC substrate peptide. It is also prevented by immunodepletion of PKC from cytosol and restored by addition of exogenous purified mammalian PKC which gives the same phosphopeptide mapping pattern as the extract itself.
Based on these observations, we defined the minimal requirements for decondensation in vitro both in the cell-free system and also in the complete absence of cytosol or membranes (Stephens et al., 2002) . Decondensation could be achieved by a combination of two exogenous kinases: a cdc2 kinase capable of phosphorylating the SPKK sequences of the Sp histones and a PKC capable of phosphorylating lamins. Thus we suggested that once most of the sperm nuclear membrane is disassembled, chromatin decondensation requires phosphorylation of the terminal basic extensions of SpH1 and SpH2B to weaken the electrostatic interactions with the linker DNA backbone and phosphorylation of sperm lamins to allow lamina disassembly. These conditions permit the chromatin to decondense to a more energetically favorable configuration that minimizes electrostatic repulsion of DNA phosphate charge.
The identity of the endogenous Sp histone kinases remains unknown but it is probably similar in specificity to cdc2. It was recently reported that a protein kinase C activator facilitated male pronuclear development in pig oocytes injected with sperm (Nakai et al., 2015) suggesting that lamina removal by protein kinase C might be a conserved condition for male pronuclear progression at least in the deuterostomes.
In vivo, phosphorylation of the Sp histones and chromatin decondensation would normally be followed by Sp histone removal and their replacement (presumably facilitated by exchange factors) with CS histone variants stored in the egg cytoplasm during oogenesis, (Cohen H., Newrock,K.,M., and Zweidler, 1975; Oliver et al., 2002) . Unfortunately, only a minimal amount of CSH1 or other variants stored in the egg was incorporated into the chromatin in vitro and Sp histone removal was not efficient.
Therefore extensive additional remodeling of the chromatin did not take place in the cell-free system once the male pronucleus was formed. This likely prevented further cell cycle progression.
Several membrane populations and egg lamin B contribute to new nuclear envelope formation in the cell-free system
Once phosphorylation of Sp histones, removal of sperm nuclear membranes and lamina and decondensation of sperm nuclei are accomplished, the male pronucleus can be formed. In vivo this begins with the assembly of a new nuclear envelope, an event followed by migration to and fusion with the female pronucleus creating the zygote nucleus (Longo and Anderson, 1968; Poccia and Collas, 1996) .
Nuclear envelope formation in vitro was more complex than anticipated, involving the participation of several different membrane populations to enclose the chromatin and subsequent rather than concomitant lamina formation. Analysis of nuclear envelope Sea urchin cell-free system and nuclear activation 213 formation also led to unforeseen roles for phosphoinositides and diacylglycerol in the membrane fusion process and the realization that fusion was polarized, beginning at the two sites of the remnants of the sperm nuclear membrane which are not disassembled in vivo following fertilization (Longo and Anderson, 1968) .
Sperm lipophilic structures (LS's)
Two membranous regions of the nuclear envelope are not extracted by detergent in preparation of demembranated sperm nuclei for cell-free experiments (Fig. 5) although incubation in egg extracts eventually removes their lamin B and lamin-binding LBR proteins (Fig. 4) . On the basis of their binding of lipophilic dyes and detergent resistance they were variously named lipophilic structures (LS's) or nuclear envelope remnants (NER's) (Collas and Poccia, 1995b; Byrne et al., 2007; Garnier-Lhomme, Byrne et al., 2009 ).
LS's appear to be "reinforced" or thickened layers of nuclear envelope (Fig. 6 ) and would resemble putative plasma membrane rafts in detergent insensitivity although their appearance is clearly different. They lie at two indentations of the conical sperm nucleus, at the tip and base, called the acrosomal and centriolar fossae and are incorporated directly into the forming male pronuclear envelope in vivo (Longo and Anderson, 1968) . Using lipid mass spectrometry and deuterium solid-state NMR we found that they are relatively fluid membranes enriched in phosphoinositides, polyunsaturated phospholipids and cholesterol Garnier-Lhomme, Byrne, et al., 2009 ). Depletion of their cholesterol interferes with nuclear envelope assembly in vitro.
Curiously, the sperm remnants are required for nuclear envelope precursor membrane vesicle binding to nuclei prior to fusion in the cell-free system (Collas and Poccia, 1995b) . Binding is polarized, beginning in the regions of the LS's and proceeding towards the midline (Fig. 7) . If LS's are removed with high concentrations of non-ionic detergents, egg membrane vesicles do not bind, but reconstitution of the LS's to the poles of the naked nuclei restores binding function. Upon addition of GTP, LS's fuse in the cell-free system with membrane vesicles derived from the egg extracts creating the male pronuclear membrane. Binding requires ATP but not ATP hydrolysis. Similar to other membrane fusion events, fusion requires Ca ++ and GTP hydrolysis. On the basis of these experiments, we suggested that LS's serve as nuclear envelope organizing structures. They are not species-specific. We demonstrated that similar detergent-resistant regions with similar locations and binding properties exist on sperm of other deuterostomes such as fish, frog, mouse and cattle (Collas and Poccia, 1996a) . In those organisms (Fig. 8 ), LS's were always localized to centriolar fossa regions (where the sperm tail attaches) and acrosomal regions (which are not always located at the opposite extremity of the sperm head). Although binding of membrane vesicles was not species-specific, fusion was.
Therefore, LS's are conserved across the deuterostomes and may be used similarly in construction of male pronuclear or zygote nuclear envelopes in species other than the sea urchin. We suggested that specialized regions of nuclear envelope less apparent morphologically could also facilitate nuclear envelope formation following mitosis, a matter remaining to be investigated (Collas and Poccia, 1995b; Poccia and Collas, 1997) . That LS's are apparent in sperm may be a consequence of the coalescence of similar regions of the haploid chromosome set during nuclear compaction occurring in spermatogenesis. 
Egg membrane vesicle (MV) populations
Typically the nuclear envelope forms largely from the endoplasmic reticulum. Fractionation of membrane vesicle populations from Xenopus egg extracts revealed roles for two sets of vesicles, only one of which was derived from the endoplasmic reticulum (Vigers and Lohka, 1991) . This spurred us to attempt a fractionation of sea urchin egg cytoplasmic extracts (Collas and Poccia, 1996b) .
Four fractions of MVs were isolated on sucrose density gradients (MV1-4). MV2 was further fractionated into MV2a and MV2b. The major MV2b fraction (75% of total extract MVs) was enriched in an endoplasmic reticulum marker enzyme, MV2a in a Golgi marker enzyme. They and MV1 bound to sperm nuclei in the cell-free system; the others did not. Binding was sensitive to protease, high salt and N-ethylmaleimide. MV1 and MV2a bound to the LS regions of the nuclei; MV2b bound around the complete periphery. All three (and LS's) were required for complete nuclear envelope formation.
Therefore at least four different membrane populations contribute to nuclear membrane formation in vitro, three from the egg and one from the sperm. Quantitatively, the major contributor is the ER-derived fraction as expected.
Egg lamins
In addition to new inner and outer nuclear membranes, new lamina are necessary to complete the nuclear envelope. In the fertilized egg, a subset of MV2b was found to contain the lamin B receptor (LBR) which has domains that recognize lamins, chromatin and DNA and in mature sperm is found associated with the LS regions . LBR was necessary for MV2b binding to nuclei. A second subset of MV2b vesicles contained lamin B. None appeared to have both proteins. Lamin B incorporation into the in vitro-formed male pronuclei occurred only after the nuclei were enclosed in a nuclear membrane. Incorporated lamin B could originate from MV-bound or soluble forms. As mentioned above, formation of a lamina was necessary for nuclear swelling beyond the initial 4 mm diameter decondensed structure.
The MV2b fraction is dynamic. Using immunoprecipitation and sucrose gradient fractionation we showed that lamin B and LBR coexist in vesicles in unfertilized egg cytoplasm but do not interact. However, by 12 min following fertilization, after ER vesiculation and nuclear membrane reformation, the proteins are segregated to different vesicles remaining this way throughout the DNA synthesis phase . During mitosis a small proportion, possibly derived from nuclear envelope breakdown, can be detected with co-localized lamin B and LBR in vesicles.
Thus, LBR appears to direct binding of ER-derived membranes to the chromatin to assemble a new nuclear envelope which then imports lamin B which binds to LBR and forms a lamina. The functional new envelope can then import proteins and nuclei can swell with addition of new membrane and incorporation of proteins.
A role for phosphoinositides in MV fusion and NE formation
Another unexpected feature of MVs was discovered when methods were established to determine their phospholipid contents. We developed a sensitive 2-dimensional heteronuclear multiple quantum coherence NMR spectroscopy procedure to assign the main classes of phospholipids to MV fractions using 31 P and 1 H (Larijani et al., 2000) . Although the major ER-derived fraction MV2 and the MV3 fraction were rather typical in composition (mostly phosphatidylcholine and phosphatidylethanolamine with lesser amounts of phosphatidylserine and phosphatidylinositides), MV1 contained predominantly phosphatidylinositides (PtdIns) with small amounts of phosphatidylcholine.
This highly unusual composition suggested that PtdIns metabolism played a role in the special function of MV1. A later analysis by liquid chromatography-electrospray ionization tandem mass spectrometry (Fig. 9) showed that MV1 contained 60% phosphoinositides (2/3 of which were phosphorylated derivatives) and had 25-times as much PtdIns(4,5)P 2 , the substrate for PI-PLC, as did MV2, the composition of which resembled more typical membranes (Byrne et al., 2007) . Furthermore, compared to MV2, MV1 was much more enriched in diacyl species of PtdIns(4,5)P 2 which are used preferentially by PI-PLC. Since PLCg was found to be >100-fold Collas and Poccia (1996a). enriched in MV1, this suggested that MV1 could serve as a rich localized source of the fusigenic lipid diacylglycerol.
Polarity of membrane fusion
Direct demonstration of the polarity of egg vesicle binding to sperm chromatin (Collas and Poccia, 1995b ) was extended to the polarity of fusion which also begins in the LS regions (Dumas et al., 2010) . In order to test if fusion was polarized, several technical tricks were employed. Membrane vesicles were labelled separately with either BODIPY-C 12 or DiIC 12 , two fluorescent lipophilic dyes that interact by Förster Resonance Energy Transfer (FRET). In FRET, an appropriate donor-acceptor pair of molecules is selected so that excitation of the donor results in non-radiative dipole-dipole coupling transfer of energy to the acceptor which then fluoresces as though directly irradiated. Since FRET interactions occur only over very short distances (< 10 nm), if the two molecules reside in separate vesicles they cannot interact but if they come to reside in the same fluid membrane following fusion they can.
To inhibit movement, small sperm nuclei were immobilized in a transparent, permeable agarose gel which contained a caged form of GTP. Upon its uncaging with UV light, GTP hydrolysis initiated the fusion reaction which was imaged by FLIM-FRET as a decrease in average lifetime of the donor. The LS's of the sperm nuclei were independently labeled with a fluorescent compound to provide orientation.
Upon initiation of the reaction, FRET interactions and thus the kinetics of fusion were observed to proceed from the two poles towards the equator (Fig. 10) . Thus fusion of MV2 vesicles on the sperm chromatin surface began in the regions of the LS's that bind MV1 vesicles and was propagated laterally. This led to a model in which preferential binding of MV1 to the LS regions led, following GTP hydrolysis, to local high levels of the fusigenic lipid diacylglycerol (DAG) within MV1 which facilitated its fusion with adjacent MV2 vesicles. The fused regions then facilitated successive fusions of more MV2 vesicles either by using the initially generated DAG or subsequent enrichment until the nuclear envelope was completed.
Signaling pathway of DAG: localized fusigen formation
The unique role of MV1 and its potential in signal transduction leading from GTP hydrolysis to membrane fusion were investigated in several studies using the cell-free system. In vitro a bacterial phosphatidylinositide-specific phospholipase C (PI-PLC) mimicked GTP hydrolysis as an inducer of nuclear envelope formation suggesting that hydrolysis of PtdIns(4,5)P 2 might be downstream of GTP hydrolysis (Larijani et al., 2001) .
Endogenous PLC induction depends on the presence of MV1. Additionally, two inhibitors of PtdIns-3 kinase blocked GTP induced NE formation, consistent with an additional role for PtdIns moieties phosphorylated in the 3-position. Since the bacterial enzyme does not produce inositol triphosphate which normally leads to [Ca ++ ] elevation, we postulated that the local production of the other hydrolysis product of the reaction, fusigenic diacylglycerol (DAG), promoted nuclear membrane precursor fusion.
Consistent with this hypothesis, we showed that liposomes or large unilammellar vesicles (LUVs) containing PtdIns(4,5)P 2 were able to substitute for MV1 in the cell-free system promoting nuclear envelope formation when GTP was added . In addition, if the LUVs were pre-hydrolyzed with PI-PLC they initiated NE formation spontaneously as did LUVs enriched in DAG. NE formation was also blocked by two inhibitors of the endogenous PI-PLC Larijani et al., 2001) .
During NE formation in the cell-free system, PLCg is transiently phosphorylated on the Tyr 783 position indicative of PLC activation following GTP hydrolysis (Byrne et al., 2007; Larijani and Poccia, 2007) . The MV1 vesicles containing PLCg and its substrate PtdIns(4,5)P 2 are associated with the male pronuclei prior to NE formation. PLCg is phosphorylated by a member of the src-family of tyrosine kinases, SFK1 . A model was proposed in which GTP hydrolysis led to activation of SFK1 which directly phosphorylated and activated PLCg leading to localized production of the fusigenic DAG and membrane fusion .
The direct interaction of the two proteins was subsequently revealed through the use of protein FRET-FLIM techniques. SFK1 and PLCg were co-recruited to sperm nuclei in vivo and shown to directly interact during early stages of male pronuclear envelope formation . In addition in vivo phosphorylation of PLCg on Tyr-783 within minutes of fertilization was demonstrated by PI, phosphatidylinositol; PIP, phosphatidylinositol phosphate; PIP2, phosphatidylinositol bisphosphate; PIP3, phosphatidylinositol trisphosphate; PC, phosphatidylcholine; PS, phosphatidylserine; PA, phosphatidic acid; PE, phosphatidylethanolamine. From Larijani and Poccia (2009). immunofluorescence techniques. The interaction between the two enzymes declines in vitro after GTP is added as phosphorylation of PLCg is transiently detected (Fig. 11) . The transient phosphorylation and NE formation required both GTP hydrolysis and SFK activity. Thus a refined model was presented in which, following sperm chromatin decondensation, MV1 binds to the LS regions and MV2b binds from poles to equator. PLCg and SFK interact but NE is completed (Fig. 12) . A similar mechanism appears to operate in the subsequent fusion of male and female pronuclear envelopes (Byrne et al., 2014) . The signaling pathway leading to localized formation of DAG following GTP hydrolysis is not completely known. The endogenous GTPase responsible for initiation has not been identified and various levels of regulation including roles of PtdIns-3 kinase need further elucidation. Identification of some of the major players and their changing interactions however provide a plausible model for the regulation of the initiation of membrane fusion leading to nuclear envelope formation.
A role for lipids exhibiting intrinsic negative curvature in membrane fusion and organelle shape
Although DAG is a second messenger involved in many signaling pathways in most cells, we interpreted its effects on fusion to be due to its physical properties. Fusigenic DAG possesses intrinsic negative curvature. Such lipids have conical shapes because of their small head groups and larger hydrophobic tails that cause a PLCg is prevented from immediate activation by an inhibitor of SFK (possibly the non-receptor tyrosine kinase, Csk) until GTP hydrolysis removes the inhibition. SFK1 then phosphorylates and activates PLCg which hydrolyzes PtdInsP(4,5)P 2 in the LS's to produce elevated levels of DAG, facilitating fusion with MV2b. SFK1 and the now activated PLCg dissociate and the DAG signal is propagated laterally with successive fusions of MV2b until the monolayer to bend towards the head group. Their shape facilitates bilayer bending by filling in the hydrophobic gaps that are created in regions of bending, making them more energetically favorable (Kozlovsky and Kozlov, 2002) . Extreme bending is a property of the stalks postulated to be transient fusion intermediates. An important additional property of DAG is its tendency to promote non-lamellar phases in membranes, such as inverted hexagonal and cubic phases, which may also form during fusion (Goñi, 2014) . Vesicles with 5-40% DAG have been shown to readily fuse in vitro (Villar et al., 2001) .
More stable examples of extreme membrane curvature occur in certain organelles such as tubules of the endoplasmic reticulum, sheet edges of Golgi stacks and small vesicles. Changes or maintenance of curvature and control of fusion in vivo are usually attributed to proteins, but an important role for lipids cannot be dismissed. Both are likely to contribute to organelle shape Because the gold standard for cell-free systems is comparison to in vivo phenomena, we modified the DAG composition of membranes in living mammalian cells and sea urchin oocytes to observe effects on nuclear envelope formation (Domart et al., 2012) . Transfection of HeLa or COS cells allowed us to acutely induce DAG depletion in the endoplasmic reticulum and nuclear envelope precursor membranes of mitotic cells. Depletion resulted in failure of telophase nuclear envelope formation and unexpectedly in formation of multi-lamellar sheets of endoplasmic reticulum. In the sea urchin, karyomere fusion was inhibited (karyomeres are individual chromosomes surrounded by nuclear envelopes that fuse with one another to reconstitute diploid nuclei) and again endoplasmic reticulum membranes were aberrant, displaying an increase of sheets at the expense of tubules.
The relationship between nuclear membrane fusion failure and ER sheet accumulation when DAG is depleted can be rationalized by a similar requirement for negative curvature lipids. Therefore alterations of the proportions of sheets or tubules in the continuous ER structure would be predicted to depend on overall negative curvature lipid composition.
The effects of alteration of negative curvature lipid content in the oocytes were documented in experiments in which DAG was lowered in unfertilized eggs by microinjection of DAG kinase to convert DAG to phosphatidic acid or of Syn 1, a phosphatase which depletes the metabolic precursor of diacylglycerol, PtdIns(4,5)P 2 . In both cases, tubules were converted to sheets. This effect was attenuated by supplementing oocyte lipids with a non-signaling isomer of DAG (1,3 DAG) that displays negative curvature prior to enzyme injection (Wang et al., 2013; Larijani et al., 2014) . Unrelated phospholipids of negative curvature behaved similarly but the cylindrical lipid phosphatidylcholine did not.
These experiments suggest that phospholipids play structural roles in cell membranes that have important consequences for their functions in live cells and confirmed the utility of in vitro investigations of membrane biochemistry to suggest testable in vivo mechanisms. They demonstrated that proteins alone are an insufficient explanation for control of fusion or maintenance of organelle shape.
Conclusion
The development of a cell-free system from sea urchin eggs has allowed us to investigate the earliest steps in formation of the male pronucleus that follow fertilization. It supplements the much more extensively studied cell-free system from frog eggs and added several new and unexpected discoveries to the mechanisms of chromatin decondensation, histone modification, polarized initiation of nuclear envelope formation, multiple roles of phosphoinositide modification in promoting membrane fusion, and the role of lipid of intrinsic negative curvature in bending and fusion of biological membranes of the nuclear envelope and endoplasmic reticulum. 
